I. INTRODUCTION
Electron transport junctions consisting of single molecules sandwiched between metallic electrodes have received significant theoretical and experimental attention over the past decade. [1] [2] [3] [4] Such junctions are the smallest possible electrical conductors and represent the most elementary device within molecular electronics. One of the main problems in this field is that experiments often suffer from large fluctuations in the measured conductance originating from variations in the atomic details in the bonding geometry beyond experimental control. The challenge is to create a molecular wire with anchoring groups giving a well-defined and robust interface to the metallic electrodes. 5 The most common approach is to use thiol anchoring groups which adhere strongly to a gold surface. However, the large strength of the Au-S bond can lead to many different binding configurations, which again is reflected in the electronic properties of the molecular junction. [6] [7] [8] [9] [10] [11] [12] [13] To overcome this problem, it has recently been proposed to use C 60 molecules as anchors 14, 15 to obtain a more welldefined bonding to the gold electrodes. It is well known that C 60 hybridizes strongly with gold surfaces 16 providing a good electrical contact. At the same time the size and symmetry of the C 60 molecules should reduce the sensitiveness to the details of the contact geometry. Thus, the hope is that the C 60 anchors would effectively function as an integrated part of the electrodes giving a well-defined reproducible charge injection into a molecular core. It was indeed experimentally demonstrated that 1,4-bis(fullero[c]pyrrolidin-1-yl)benzene (BDC60) with C 60 anchor groups yields more stable conductances than similar thiol-bonded molecules. 14 Elementary theoretical calculations for the BDC60 junction a) Electronic mail: trma@fysik.dtu.dk.
were presented in Ref. 15 . However, the question of contact robustness was not addressed nor was the calculated conductance values reported.
In this paper, we focus on the dumbbell construction BDC60 between Au(111) electrodes, shown in Fig. 1 . Using density functional theory (DFT) in combination with nonequilibrium Green functions, we show that the conductance of BDC60 is relatively stable with respect to the details of the bonding geometry. Furthermore, the calculated conductance is in good agreement with the experimental value of G = 3 × 10 −4 G 0 . 14 The quantitative agreement between DFT and experiments is shown to be a consequence of the lowest unoccupied molecular energy levels being strongly hybridized with the gold electrodes and pinned close to the Fermi level by charge transfer.
II. METHODS
We study the transport properties of molecular junctions with a BDC60 molecule, shown in Figs. 1(a) and 1(b). The structure of the free molecule has been relaxed using the GPAW electronic structure package which is a real space implementation of the projector-augmented wave method. 17 In the molecular junction, the BDC60 is connected to two Au(111) surfaces. We consider a total number of 30 junction geometries in order to address the impact on the conductance. The relaxed BDC60 is placed on three different sites indicated by Figs. 1(c) and 1(e). The names of the sites (hcp, bridge, and top) correspond to the position of the center of the end-hexagon. In addition to the hexagon orientation shown in Figs. 1(c) and 1(e), we also consider the so-called 6:6 orientation where two carbon atoms forming the bond between two hexagons face the gold surface. 18 For each orientation and for each binding site we rotate the molecule in five steps between 0
• and 60
• . The bonding distance between C 60 and Au was found to be 2.4 Å in Ref. 19 using the local density approximation (LDA), and we adopt this value for the distance between the BDC60 molecule and the flat Au(111). The distance refers to the distance between the Au(111) surface and the closest C atom. We note that both experiments 20 and calculations 19 show that the Au-C 60 bond is covalent with some ionic character and with a measured charge transfer of 0.8 electrons per C 60 . 20 Dispersive van-der-Waals interactions between C 60 and Au are thus not relevant and the binding should be well described with standard DFT in the LDA, as used in Ref. 19 .
For both the hexagon and 6:6 orientations, the left C 60 molecule is placed symmetrically on either the hcp, bridge, or top site, while the right C 60 may be placed slightly asymmetrically. In all calculations we use a (3 × 4) Au cell as shown in Fig. 1 with a total of 7 Au layers.
The conductance through the scattering region is calculated within the Landauer-Büttiker formalism as G = G 0 T (E F ), where G 0 = 2e 2 /h is the fundamental conductance quantum and T (E F ) is the transmission function evaluated at the Fermi level. 21 The zero-bias transmission function is calculated using a standard Green function method as described in Ref. 22 . The Kohn-Sham Hamiltonian of the scattering region is obtained using a double-ζ polarized basis set 23 for all the atoms. The calculations are performed with a (4,4,1) k-point sampling and the exchange correlation potential described by the Perdew-Burke-Ernzerhof functional.
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III. RESULTS
Figure 2 (top) shows the conductance for all the considered geometries. The average experimental value of 3 × 10 −4 G 0 is indicated by the solid line, while the dashed lines mark estimated uncertainties in the experimental values. 14 We observe that the conductance values for the hexagon adsorbed molecules lie relatively close to the experimental value (within a factor of three) while adsorption on the 6:6 bond gives roughly an order of magnitude lower conductance. We also notice that within each type of adsorption geometry, the conductance remains fairly constant when FIG. 3 . Transmission functions on a log-scale vs. energy for hexagon adsorbed molecules (red) and 6:6 bond adsorption (blue).
the binding site and rotation angle is varied. This shows that the fullerene anchor groups indeed are quite insensitive to the details in the contact geometry, as experimentally indicated. 14 In Fig. 2 (bottom), we show the calculated total energies for all the geometries. We find that the hexagon adsorbed molecules on average have ∼1 eV lower energies than those adsorbed on the 6:6 bond. Although the energies are calculated for unrelaxed geometries, this indicates that the hexagon adsorption geometry would be energetically the most favorable -at least at the considered bonding distance of 2.4 Å.
The transmission functions for the different sites and rotations are shown in Fig. 3 . It is evident that not only the conductance (transmission at the Fermi level) is robust against junction geometry, but the entire energy-dependent transmission function varies only little among the different sites and rotations (within each adsorption type). This results further support the hypothesis that the fullerenes are good candidates for robust anchor groups.
From the transmission functions in Fig. 3 we see that the origin of the lower conductance values of the 6:6 adsorbed molecules is the more narrow transmission peaks. Both the high transmission peak below the Fermi energy and the broad peak right above the Fermi energy are significantly more narrow for the 6:6 adsorbed molecules. The smaller broadening for the 6:6-bond geometries may simply be explained by a weaker coupling to the Au electrodes: While the 6:6-bond mainly couples to the Au(111) surface via two carbon atoms per C 60 , the hexagon adsorbed molecules couple via 6 carbon atoms per C 60 . The higher coordination number for the hexagon adsorption geometry enhances the effective electronic coupling leading to more broadened transmission peaks and higher conductance. While the energy of the hexagon bonding configuration is minimal around 2.4 Å, the optimal 6:6 configuration may be closer to the Au(111) surface due to its weaker coupling. This would in turn increase the conductance values of the 6:6 configuration bringing them in closer agreement with those of the hexagon and experimental values (see Fig. 2 (top) ).
A. Molecular orbital analysis
For all the considered geometries, the Fermi level, E F , is located between two peaks of different character: A narrow transmission peak centered at E − E F = − 0.6 eV with peak values of 0.1-0.5 and a much broader transmission peak centered around E − E F = 0.25 eV with significantly lower peak values of 0.001 − 0.01. To further analyze the origin of the two transmission peaks, we proceed by calculating the eigenstates of the BDC60 molecule in the junction. From the full Hamiltonian, H, and overlap matrix, S, of the combined Au-molecule-Au system, we project onto the subspace spanned by the basis functions of the molecule (BDC60):
Here P mol is a projection matrix with unit diagonal elements on the indices of the molecule basis functions, and zeros elsewhere. Similarly we get a molecule overlap matrix, s mol . We then solve the (generalized) eigenvalue problem h mol c n = ε n s mol c n to find the energies (ε n ) and eigenstates (c n ) of the molecule. We emphasize that in this procedure, the eigenenergies are calculated with respect to the Au Fermi energy and include charge transfer effects between the BDC60 and the Au electrodes. This information would not be available in the calculation of the free molecule without the Au electrodes. Figure 4 shows the frontier orbitals relevant for the transmission around the Fermi energy. It is evident that the narrow transmission peak around E − E F = − 0.6 eV is associated with the HOMO eigenstate located on the central part of the BDC60. Since this state has vanishing orbital weight close to the Au electrodes, the broadening due to the electrodes . Fig. 4) . The HOMO state located on the central part is seen as a very localized peak around E − E F = −0.5 eV. The six states LUMO to LUMO + 5 are significantly broader having finite weights at the Fermi energy. The contribution to the total electron density from the LUMO-LUMO + 5 amounts to 0.5 electron. This indicates that the LUMO peak is pinned close to the Fermi level.
is very weak, resulting in a narrow transmission peak. To further stress that the narrow transmission peak originates from the HOMO state, we show in Fig. 5 the projected density of states (PDOS) on the HOMO orbital (solid black). Again, we observe a narrow peak around E − E F = −0.5 eV with a clear correspondence to the transmission function.
The broad transmission peak around E − E F = 0.3 eV is associated with the six eigenstates, LUMO to LUMO + 5. These states come in nearly degenerate symmetric pairs and are mainly located on the C 60 part of the BDC60 molecule. We note that isolated C 60 has a three-fold degenerate LUMO, 25 and the six lowest unoccupied states in the BDC60 are hence derived from the six LUMOs from the two C 60 molecules (three from each). The strict localization in the left/right part of each pair signals a weak electronic coupling between the two C 60 . Each of these states has a large orbital weight close to the Au, and the broadening due to the electrodes is thus expected to be large, resulting in a broad transmission peak, as indeed observed in Fig. 3 . Since the states are mainly located on one of the C 60 parts, they do not contribute with a large transmission, since the electrons that enter the BDC60 in one end (in a state with large orbital weight and strong coupling) cannot leave it again in the other end due the low orbital weight and corresponding weak coupling. This is the reason why the broad transmission peak has a low peak value.
The analysis of molecular orbitals explains the relatively low conductance of 3 × 10 −4 G 0 . The symmetrically placed and highly transmitting HOMO state is only weakly coupled to the Au electrodes resulting in a very narrow transmission peak with a small overlap with the Fermi energy. The six lowest unoccupied states are strongly, but highly asymmetrically, coupled to the electrodes leading to broad transmission peaks with low peak values.
IV. DISCUSSION
In the remainder of the paper, we discuss the, perhaps surprisingly, good agreement between the measured conductance and our calculations, and analyze the robustness of our results. It is well known [26] [27] [28] [29] [30] [31] that DFT often fails to properly describe molecular level positions. This often leads to calculated conductance values which are orders of magnitudes larger than the experimental results. A number of theoretical works have proposed alternative ways of calculating the conductance beyond DFT. 26-30, 32, 33 Often the large discrepancies between experiments and DFT can be explained by a too small calculated ionization potential (IP) (for HOMO dominated transport) or too large electron affinity (for LUMO dominated transport). 32, 33 If the HOMO and LUMO levels are far away from the Fermi energy (compared to the level broadening), there is no reason to believe that DFT will give the correct level position, since the total electron density does not change, if the levels are shifted up or down in energy. This is indeed the case for the HOMO state in our calculations. From the PDOS plot in Fig. 5 it is evident that the contribution to the electron density (integrated PDOS up to the Fermi energy) from the HOMO (solid black) does not change, if the peak around E − E F = −0.5 eV is shifted down in energy.
On the other hand, the PDOS peaks from particularly the LUMO and LUMO + 1 (red) have significant weights below the Fermi energy. The contribution to the total electron density from the LUMO to LUMO + 5 is around 1 electron assuming spin degeneracy. Since the total electron density in principle is correctly described with DFT, an upward shift of the unoccupied states would change the (in principle) correct density, leading to a wrong result. The lowest unoccupied states are, thus, pinned close to the Fermi level and the energy levels can be expected to be reasonably well described at the DFT level of theory. We note that the calculated charge transfer of ∼1.0 electrons (0.5 electrons per C 60 ) is in qualitative agreement with previous calculations on C 60 molecules where a charge transfer of 0.2 electrons per C 60 molecule was reported. 19 We further note that when we calculate the charge transfer for a very asymmetric junction with a large vacuum gap between one of the C 60 and the neighboring Au surface, we obtain a charge transfer of 0.52 electrons. This shows that the charge transfer to one C 60 is largely independent of the electrode coupling to the other C 60 . Finally, the calculated charge transfer is in agreement with experiments showing a charge transfer of ∼0.8 electrons per C 60 on Au, 20 thus further indicating that the DFT calculated LUMO position is accurate. Since the LUMO (and LUMO + 1) are mainly responsible for the conductance, it follows that the DFT calculated conductance also is expected to be reasonably accurate. The close agreement between our calculated conductance values and the experimental results further supports this.
As mentioned above, the position of the HOMO level might be incorrectly calculated with DFT being too close to the Fermi level. In order to address the effect of the HOMO position, we have carried out DFT+ occ calculations, 32, 34 where an extra self-energy term, occ , acts on the occupied states on the molecule by shifting them down in energy. The We observe that even if the HOMO state is moved down, the conductance (transmission at E = E F ) only changes marginally, and we thus conclude that the conductance is completely governed by transport through the unoccupied LUMO to LUMO + 5 states.
We note that in recent single-molecule experiments on dumbbell molecules with C 60 anchor groups, 35 very similar to the BDC60 studied here, the conductance was found to be on the order of 10 −4 G 0 . This value is quite close to that measured for BDC60 and predicted for BDC60 by our calculations. Based on the similarity of conductance values and on preliminary calculations, we expect the physics of the dumbbell molecule junctions investigated in Ref. 35 to be very similar to the one studied here. In particular, we expect the conductance to be governed by low-transmitting, asymmetric LUMO orbitals of the C 60 .
The distance between the BDC60 and the Au surface is a source of uncertainty. In the above calculations, we have used the equilibrium distance of 2.4 Å as obtained for C 60 . 19 To address the dependence on bonding distance, we show in Fig. 7 the transmission function of the BDC60 molecules for C 60 -Au distances of 2.2 Å (solid black), 2.4 Å (dashed-dotted red), and 2.6 Å (dashed blue). It is seen that the transmission function at the Fermi energy is increased by a factor of two when the bonding distance is reduced to 2.2 Å, while it is reduced by a factor of 7, when the distance is increased to 2.6 Å. An increase in C 60 -Au distance leads to more narrow transmission peaks due to weaker couplings. In addition, the HOMO level moves down in energy, while the unoccupied levels move up in energy. Both these effects contribute to the lower conductance values. Within the bond length variations between 2.2 and 2.6 Å, the conductance is thus changed between 8 × 10 −4 G 0 and 4 × 10 −5 G 0 and, thus, remains reasonably close to the experimental value of 3 × 10 −4 G 0 . It has recently been shown that variations in the contact geometry between C 60 and a Cu surface influenced the conductance with the largest conductance obtained for high coordination numbers. 36 Since the structures we have considered are all maximally coordinated, as the molecule binds to a flat surface, one might expect to get lower conductances if the molecule instead binds to one or a few adatoms.
V. CONCLUSION
We have investigated the conductance of the dumbbell molecule BDC60 in a molecular junction with Au(111) electrodes. Adsorption on a C 60 hexagon systematically gives a conductance very close to the experimental value ∼ 4 × 10 −4 G 0 while molecules adsorbed on a 6:6 bond have on average an order of magnitude lower conductance. Importantly, we find that within each class of adsorption type, the conductance is largely independent of geometry, which is varied through adsorption sites and rotation angles. Our calculations, thus, support the idea that C 60 molecules will form a stable anchoring to the metal electrodes.
It was found that the conductance is mainly determined by the six unoccupied states LUMO to LUMO + 5 lying close in energy 0.2-0.5 eV above the Fermi level. These six states are localized on either of the C 60 s with a weak electronic coupling to the opposite electrode and a correspondingly low transmission value. Due to partial charge transfer, we argue that these states are pinned close to the Fermi level and, thus, reasonably well described with DFT methods. This is the origin of the very good agreement between our calculated conductance values and the experimental results.
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